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Abstract

Allosteric communication between different subunits in metabolic enzyme complexes is of utmost
physiological importance but only understood for few systems. We analyzed the structural basis of allostery
in aminodeoxychorismate synthase (ADCS), which is amember of the family of glutamine amidotransferases
and catalyzes the committed step of the folate biosynthetic pathway. ADCS consists of the synthase subunit
PabB and the glutaminase subunit PabA, which is allosterically stimulated by the presence of the PabB
substrate chorismate.We first solved the crystal structure of a PabA subunit at 1.9-Å resolution. Based on this
structure and the known structure of PabB, we computed an atomic model for the ADCS complex. We then
used alanine scanning to test the functional role of 59 conserved residues located between the active sites of
PabB and PabA. Steady-state kinetic characterization revealed four branches of a conserved network of
mainly charged residues that propagate the signal from chorismate at the PabB active site to the PabA active
site. The branches eventually lead to activity-inducing transformations at (i) the oxyanion hole motif, (ii) the
catalytic Cys‐His‐Glu triad, and (iii) glutamine binding residues at the PabA active site. We compare our
findings with previously postulated activation mechanisms of different glutamine amidotransferases and
propose a unifying regulation mechanism for this ubiquitous family of enzymes.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Allostery is an integral property of enzymes that
allows for the regulation of activity in response
to the physiological needs of a cell [1]. Thereby,
ligand binding to an allosteric site induces signal
propagation via protein backbone or amino acid
side-chain movements to affect function at a distant
active site. Understanding the molecular details of
signal propagation between the two sites is an
important biochemical challenge both for applied
and basic protein biochemistry. In applied re-
search, molecular details of allosteric communica-
tion have the potential to reveal binding sites for
novel drugs that perturb signal propagation [2–8]. In
basic research, the identification of signal propagation
pathways is crucial for unraveling universal
patterns of the underlying dynamic adaptability
of enzymes [9].
r Ltd. All rights reserved.
A paradigm for studying the molecular basis of
allosteric communication are glutamine amido-
transferases (GATases). GATases form a large
enzyme family, whose members are responsible for
the incorporation of nitrogen within numerous
metabolic pathways [10–12]. Most GATases are
bi-enzyme complexes, consisting of a synthase and
a glutaminase subunit, whose activities are mutu-
ally coupled: Substrate binding to the synthase
subunit allosterically induces glutamine hydrolysis
to glutamate and ammonia at the glutaminase
subunit. Nascent ammonia is then transported
through an intermolecular channel to the active
site of the synthase subunit, where it reacts with the
“waiting” substrate to specific reaction products
[13]. While the synthase subunits of the various
GATases are structurally diverse, the glutaminases
can be categorized into two classes according
to their fold and active site composition: class I
Journal of Molecular Biology (2019) 431, 2718–2728
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glutaminases possess a αβ-hydrolase fold and
a catalytic Cys–His–Glu triad [14]; in contrast,
class II glutaminases possess an Ntn-hydrolase
fold and a catalytic N-terminal Cys. Whereas the
structural basis of allosteric communication is
understood to a certain degree for class II GATases
[15], even a basic understanding of the allosteric
communication pathways within class I GATases is
still lacking.
An interesting member of class I GATases is

aminodeoxychorismate synthase (ADCS), which con-
sists of the glutaminase subunit PabA and the
synthase subunit PabB. It catalyzes the committed
step in the biosynthesis of folate by incorporating
nitrogen into chorismate to yield 4-amino-4-
deoxychorismate (Fig. 1).
Glutamine hydrolysis by PabA is activated

upon complex formation with PabB and further
allosterically stimulated by chorismate binding
to the synthase active site. Thus, the active site
of PabB acts as an allosteric site that, upon
binding of its substrate, stimulates activity at
the PabA active site. In spite of the identification
of key catalytic amino acid residues in PabA
and PabB [16,17], the availability of two PabB
crystal structures [18,19], and a basic under-
standing of the chemical reaction mechanisms
for PabA and PabB [20,21], the structural basis
for allosteric communication in ADCS still awaits
clarification.
Here, we addressed allostery in ADCS by a

combination of experimental and computational
approaches. We first solved the structure of a stable
PabA subunit at high resolution. Together with the
known structure of a PabB subunit, we then
generated a homology model of the ADCS complex
and performed a comprehensive alanine-scanning
approach at conserved residues of both subunits.
The results allowed us to define the allosteric
communication pathway within ADCS. Specifically,
we identified a conserved network of mainly
hydrogen-bonded residues that propagates the
signal from the allosteric site in PabB to the active
site in PabA.
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Fig. 1. Reaction catalyzed by ADCS. The glutaminase subu
nascent ammonia (NH3), which is channeled to the active
chorismate (CH) to form 4-amino-4-deoxychorismate (ADC). A
gray except the part of the molecule that stems from ADC).
Results

Crystal structure analysis of PabA and homology
modeling of ADCS

In order tomap the allosteric communication network
of ADCS, we first set out to provide the missing
structural information for PabA. Despite extensive
efforts, we were not able to crystallize modern PabA
enzymes (from Escherichia coli, Bacillus subtilis,
Serratia marcescens, and Pseudomonas putida) [22].
Ancestral sequence reconstruction often yields ther-
mostable proteins [23], which have a higher tendency
to crystallize than their thermolabile homologs. There-
fore, we reconstructed ancestral PabA sequences
based on the sequences of 59 recent homologs from
Firmicutes, Fusobacteria, Proteobacteria, and Halo-
bacteriales (Fig. S1). The genes encoding the three
most ancient bacterial predecessors (anc1–3PabA)
were expressed in E. coli, and the recombinant
proteinswere purified and biochemically characterized.
Interestingly, all three enzymes were more thermosta-
ble than modern PabA proteins (Table S1–3), formed
stable complexes with modern PabB subunits (Table
S4), and were stimulated by them (Table S5). From
these ancestral PabA enzymes, we were able to only
crystallize anc2PabA and solved its structure by
molecular replacement using the homologous class I
glutaminase subunit from Sulfolobus solfataricus
anthranilate synthase (AS) (PDB ID: 1QDL; sequence
identity: 51%, sequence similarity: 66%) as template
(Table S6). The structure of anc2PabA (PDB ID:
6QUR) possesses the same αβ-hydrolase fold as the
glutaminase subunits of the GATases AS and imidaz-
ole glycerol phosphate synthase (ImGPS) (Fig. 2)
[24–26]. The catalytic triad consisting of aC79, aH168,
and aE170 is located at the solvent-accessible active
site (a connotes residues in PabA, and b connotes
residues in PabB). Surprisingly, the crystal structure of
anc2PabA features a disulfide bond between the
catalytic aC79 residue and aC54, which is located
in a loop covering the active site adjacent to a
sequence stretch referred to as the oxyanion hole
mate (ADC) folate
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anc2PabA stTrpG tmHisH

Fig. 2. Structural comparison of anc2PabA to homologous class I glutaminase subunits. (a) Crystal structure of
anc2PabA (PDB ID: 6QUR); disulfide bond formed between aC54 and aC79 and the catalytic Cys–His–Glu triad is shown
as sticks. (b) Crystal structure of the glutaminase subunit stTrpG from Salmonella typhimurium AS (PDB ID: 1I1Q).
(c) Crystal structure of the glutaminase subunit tmHisH from T. maritima ImGPS (PDB ID: 1GPW). Sequence identity
between anc2PabA and stTrpG is 84/198 (42.4%) and sequence similarity is 115/198 (58.1%). Sequence identity between
anc2PabA and tmHisH is 50/231 (21.6%), and sequence similarity is 84/231 (36.4%). The structure of anc2PabA
superimposes well with those of stTrpG and tmHisH with all-atom RMSDs of 1.6 Å (anc2PabA-stTrpG) and 2.9 Å
(anc2PabA-tmHisH), respectively.
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motif (aP51–aG52–aP53–aC54) [27]. Since our
previous crystallization trials with a variety of modern
PabA and PabA:PabB complexes failed, we assume
that formation of this disulfide bond in anc2PabA
stabilizes the enzymeand thus ultimately allowed for its
crystallization.
Based on the crystal structure of anc2PabA, we

generated a homology model for the E. coli ADCS
complex by superimposing the previously solved
ecPabB structure (PDB ID: 1K0E) and a model of
ecPabA [that we generated based on the structure of
anc2PabA (PDB ID: 6QUR)] with the homologous
AS complex from S. solfataricus (PDB ID: 1QDL)
(Table S7). To generate the final model of the holo
enzyme, we superposed the substrates chorismate
and glutamine from the structure of S. marcescens
AS (PDB ID: 1I7Q) into the active sites of PabB
and PabA, respectively. The model was energy
minimized within YASARA's “build model” function
[28] and further relaxed by molecular dynamics
simulations for 100 ns with GROMACS [29,30].

Alanine scanning for the identification of residues
involved in allosteric signal propagation

To identify residues in the ADCS complex that
propagate the allosteric signal induced by chorismate
binding to PabB onto PabA, we individually replaced
59 conserved residues located between both active
sites by alanines (wild-type alanineswere replaced by
valines, respectively) using site-directed mutagene-
sis. We expressed the mutated genes in E. coli,
purified the soluble recombinant enzymes (Table S8)
and analyzed the effect of each individual mutation on
complex formation and activity.
The results of analytical size exclusion chromatog-

raphy showed that all mutant enzymes except those
carrying the exchanges aY127A, bD308A, and
bR311A formed stable ADCS complexes with the
corresponding wild-type partner subunit (Fig. S3 and
Table S4). These three “interaction hotspot residues”
are embedded in an inter-domain hydrogen bonding
network that comprises residues aY18, aY127, aE170
(backbone), aS171, bD308, and bR311 (Fig. S2).
For the mutant enzymes that formed stable ADCS

complexes with the corresponding wild-type partner
subunits, we quantified the extent of allosteric PabA
activation by determining the apparent glutamine
hydrolysis rate (kapp). To this end, we incubated
PabA with glutamine at saturating concentrations
(20 mM) and monitored its hydrolysis before and
after the addition of (i) PabB or (ii) PabB +
chorismate (saturating concentrations) for all com-
binations of wild-type-PabA/mutant-PabB and
mutant-PabA/wild-type-PabB. For the wild-type
complex, the basal glutaminase activity of
0.004 s−1 [kapp(PabA)] is elevated upon binding of
PabB to 0.21 s−1 [kapp(PabA + PabB)] and further
allosterically stimulated in the presence of choris-
mate to 0.58 s−1 [kapp(PabA + PabB + CH)]. Basal
glutaminase activity was similar to wild-type for all
mutant enzymes, except the one containing the
aT125A exchange (will be discussed below). In
contrast, PabA activation was very sensitive to
mutations in both PabA and PabB: 24 out of the 49
assayed mutant enzymes showed a more than
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2-fold change in kapp(PabA + PabB) or kapp(PabA +
PabB + CH) values (Table S5).
In order to identify residues that contribute to

allosteric signaling, we compared the ratio of the
apparent rates in the presence and absence of
chorismate, which we refer to as allosteric activation
factor. For the wild-type enzyme, the allosteric
activation factor is 2.7 [0.58 s−1 (kapp(PabA + PabB +
CH)]/0.21 s−1 (kapp(PabA + PabB))]. In order to
exclude minor secondary effects that resulted from
structural perturbations through the introduction of
alanine, we defined residues as involved in allosteric
signaling when their allosteric activation factor was
below 1.5. Eleven mutants displayed allosteric activa-
tion factors of 1.0–1.5 indicating no or impaired
allosteric activation. Thirteen mutants showed an
allosteric activation factor ≤1.0, indicating allosteric
deactivation (Fig. 3a).
We were interested to test whether the effects of

mutations on kapp for glutamine hydrolysis are at least
partially attributed to an increase in the Michaelis
constant for glutamine (KM

Gln) or entirely due to a
decrease of the turnover rate (kcat). For this purpose,
we followed the glutamine-dependent conversion of
chorismate (CH) to aminodeoxychorismate (ADC) for
the different ADCS complexes (Table S9). The results
demonstrated that complexes containing mutant
(a) (b)

Fig. 3. Allosteric residues in ADCS. (a) Heat map indicating
and absence of chorismate (kapp(PabA + PabB + CH)/kapp(Pab
enzymes. (b) Mapping of residues with an allosteric activation fa
depicted in cyan, and PabB is depicted in blue). Allosterica
pathways are indicated as edges connecting them. Magnesiu
well. The catalytic triad aC79–aH168–aE170 and the substra
All-atom RMSD between our E. coli ADCS model and the cr
modeling, is 1.7 Å.
enzymes with the exchanges aD6A, aY8A, aR30A,
aR126A, aH128A, aS129A, aL130A, aQ166A,
aI172A bE119A, and bG207A showed drastically
elevated KM

Gln values, which might contribute to the
observed decreases in kapp. The complexes contain-
ing the other mutant enzymes showed only minor
effects with respect to KM

Gln, proving that the observed
changes in kapp are entirely caused by changes in kcat.
Interestingly, we also identified residues involved in
ammonia channeling from the active site of PabA to
the active site of PabB: Whereas in ADCS complexes
containing mutant enzymes with the aD9A, aH101A,
aR126A, aL130A, bD208A, bL309A, and bG369A
exchanges, glutaminase activity was readily stimulat-
ed (Fig. 3a), no measurable or very low turnover was
observed when the ADCS reaction was followed
(Table S9). The unproductive loss of ammonia in
these mutants indicates that the respective wild-type
amino acids are involved in ammonia tunnel formation
between active sites.

Identification of four branches of a conserved
allosteric communication network

We subsequently mapped the 24 allosterically
important residues on the model of E. coli ADCS
and deduced the most plausible pathways for signal
the ratio of the apparent glutaminase rates in the presence
A + PabB) = allosteric activation factor) of analyzed mutant
ctor b1.5 on the homology model of E. coli ADCS (PabA is
lly important positions are shown as spheres (Cα), and
m (Mg2+) in the active site of PabB is shown as sphere as
tes glutamine and chorismate (CH) are shown as sticks.
ystal structure of S. solfataricus AS, which was used for
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propagation between the two active sites. To this end,
we drew connecting edges between allosteric resi-
dueswheneither (i) their side chainswere in direct van
der Waals or hydrogen-bonding contact or (ii) the
residues were connected via the protein backbone
(Fig. 3b). Using this classification, we found a putative
network of conserved, mostly hydrogen-bonded
residues that reach from the chorismate binding site
in PabB to the active site of PabA. Interestingly, this
allosteric communication network appears to be split
into four branches: Starting from the chorismate
binding site in PabB, these branches lead to (i) the
oxyanion hole motif aP51–aG52–aP53, to (ii) the
catalytic triad aC79–aH168–aE170, and to (iii + iv)
residues involved in glutamine binding at the PabA
glutaminase active site.
The branch that leads to the oxyanion hole stretch

aP51–aG52–aP53 supposedly senses the presence
of chorismate via its hydrophobic interaction with
bI367 located near the C4-atom of chorismate.
Through a van der Waals interaction with bY112,
the signal might then be propagated via backbone
interactions of the helix formed by residues bD113–
bL114–bG115–bR116–bR117–bF118 and ultimate-
ly to bE119. Residue bE119 is located at the PabB–
PabA interface and is hydrogen bonded to aR30. Via
aR30, the signal is further transferred to the
sequence stretch aY8–aD9–aS10 adjacent to the
oxyanion hole motif (Fig. 3b, purple).
The branch that leads to the catalytic triad aC79–

aH168–aE170 presumptively senses the presence
of chorismate via bE302, which is part of the
conserved magnesium-binding site that coordinates
the carboxylate group of chorismate. Via bE302 and
the inter-domain hydrogen bonding network (Fig.
S2), the signal is ultimately transferred to aS171,
which is located adjacent to the catalytic residues
aH168 and aE170 (Fig. 3b, bright green).
Onebranch that leads to glutamine binding residues

apparently senses the presence of chorismate via
bK298, which interacts with residues of the conserved
magnesium-binding site (i.e., bE439 and bE436). The
signal is then propagated via bA301 and aH101 to the
glutamine binding residues aR126, aH128, aS129,
and aQ166 as well as to aL130, which is involved in
ammonia tunnel formation (Fig. 3b, dark green).
The second branch that leads to glutamine binding

residues reputedly senses the presence of chorismate
via bI367 (described above) and bG369 and transfers
the allosteric signal via bR374 and bD208 and
ultimately to bG207, (Fig. 3b, pink).

Analysis of a PabA mutant with increased basal
glutaminase activity

Strikingly, PabA mutant aT125A shows a 10-
fold acceleration of basal glutaminase activity [kapp
(PabA) = 0.04 s−1] compared to the wild-type
enzyme [kapp(PabA) = 0.004 s−1] (Table S5). As
the allosteric activation factor (Fig. 3a) and catalytic
parameters for the glutamine-dependent chorismate
turnover are almost identical to wild-type ADCS
(Tables S5 and S9), the wild-type aT125 residue
seems not to be involved in the allosteric network,
glutamine binding, or ammonia tunnel formation.
Residue aT125 is hydrogen-bonded to aS171, an
allosteric residue located adjacent to the catalytic
residues aH168 and aE170 (Fig. 4a). The drastically
enhanced basal glutaminase activity upon removal
of this hydrogen bond in the aT125A mutant enzyme
suggests that the relative positioning of aS171 with
respect to the catalytic triad is crucial for glutaminase
activity. We thus further analyzed the interactions of
aS171 to other residues in ADCS. As part of the
inter-domain hydrogen bonding network, aS171 is
also hydrogen bonded to the interaction hotspot
bD308 (Fig. S2). We generated mutant enzyme
bD308E and monitored its ability to form stable
ADCS complexes and to allosterically stimulate
PabA activity. Strikingly, bD308E was not able to
form stable ADCS complexes but led to a slightly
enhanced kapp(PabA + PabB) and an allosteric
activation factor of 1.2 (Tables S4 and S5). This
finding indicates that this mutant might form a
transient or weak interaction that affects the posi-
tioning of aS171 relative to the catalytic triad. We
conclude that the corresponding wild-type residue
bD308 undergoes a structural change in the course
of signal propagation and might thus be a key
residue for both complex formation and allosteric
glutaminase activation within ADCS (Fig. 4b).
Discussion

Our study demonstrates that glutamine hydrolysis
at the PabA subunit of ADCS is stimulated by the
presence of chorismate at the PabB subunit via a
conserved allosteric communication network.
Starting from the chorismate binding site in PabB,
the network splits into four branches that propagate
the allosteric signal via mostly hydrogen-bonded
residues to (i) the oxyanion hole motif aP51–aG52–
aP53, (ii) the catalytic triad aC79–aH168–aE170,
and (iii) glutamine binding residues at the PabA
active site, respectively. In more general terms,
chorismate might shift the enzyme complex from a
less activated ensemble of conformational states to
a more activated ensemble [31]. The deactivating
effect observed in some mutants might thus
result from the stabilization of the less activated
ensemble by chorismate in these particular contexts.
In the following, we will discuss our findings in light

of previously hypothesized activation mechanisms for
different class I glutamine amidotransferase com-
plexes. A hallmark feature of class I glutaminases is
the catalytic triad composed of Cys–His–Glu, where
Cys acts as nucleophile and His as general acid/base
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Fig. 4. Activated variants of ADCS. (a) Putative structural changes in the aT125A mutant enzyme: aT125 is hydrogen
bonded to aS171 in wild-type PabA (transparent). The loss of the hydrogen bond toward aS171 in the aT125A mutant
might allow for the movement of the loop aH168–aP169–aE170–aS171 and thereby enhance basal glutaminase activity
by reducing the aC79–aH168 distance (solid). (b) Putative structural changes in the bD308E mutant enzyme: bD308 is
hydrogen-bonded to aS171 in wild-type ADCS (transparent). A potential movement of bD308 in the course of allosteric
signaling is mimicked through the bD308E mutation and might result in bending of the loop aH168–aP169–aE170–aS171
to constitutively activate the glutaminase subunit (solid).
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in the catalytic cycle (Fig. 5). Glutamine hydrolysis is
thereby initiated by the attack of the thiolate anion of
aC79 (nomenclature based on E. coli PabA) onto the
carbonyl side-chain carboxamide of glutamine to form
the tetrahedral intermediate I. This intermediate is
stabilized by an oxyanion hole (in ADCS formed by
backbone amides of aG52 and aL80) and collapses
upon protonation of the amino group by the general
acid aH168 into ammonia and the thioester interme-
diate. To complete the catalytic cycle, the thioester
intermediate is hydrolyzed by an activated water
molecule via the tetrahedral intermediate II.
Studies on ImGPS from Thermotoga maritima

[27,33] and pyridoxal 5′-phosphate synthase (PS)
from B. subtilis [34] have indicated that allosteric
signaling transforms the glutaminase active site from
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oxyanion hole. Based on correlated motion NMR
analysis and MD simulations of ImGPS, it was
postulated that substrate binding to the synthase
subunit HisF ultimately induces a 180° backbone flip
of residue V51 in the glutaminase subunit HisH. As a
result, the backbone amide of G50, which is part of
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Whereas the oxyanion hole motifs in both ImGPS
(P49–G50–V51) and PS (P45–G46–G47) theoreti-
cally allow for the proposed, energetically demand-
ing backbone flip, in ADCS the oxyanion hole motif is
composed of a highly conserved aP51–aG52–aP53
motif, where rotation of aG52 around the adjacent
proline residue is not possible. This indicates that
more subtle reorientations lead to a catalysis-
competent conformation in PabA. These findings
for ADCS are in line with those for Saccharomyces
cerevisiae ImGPS [35–37], E. coli carbamoylpho-
sphate synthetase [32], and E. coli cytidine triphos-
phate synthetase [8] that provide no evidence for a
backbone flip in their oxyanion hole motifs.
Moreover, in contrast to the postulated backbone

flip in ImGPS from T. maritima, findings for the same
enzyme from our laboratory suggested that the
oxyanion hole of the glutaminase subunit HisH is
in a catalysis-competent conformation even in the
absence of substrate binding to the synthase HisF
[38]. The same study showed that the mutation of
HisH residues Y138 and K181 to alanines resulted in
high constitutive glutaminase activity, suggesting
that these amino acids are involved in the allosteric
signaling pathway. Interestingly, Y138 and K181
correspond to the interaction hotspot aY127 and the
allosterically important residue aS171 identified in
ADCS, respectively. Given the importance of the
interaction between aY127/aS171 and bD308 in
ADCS, the effect of the mutations Y138A and K181A
might be due to an impaired interaction with the
conserved aspartate residue D98 of HisF, which
corresponds to bD308 in ADCS. As this interaction is
far apart from the oxyanion motif, it is tempting to
speculate that these residues might influence the
catalytic triad directly.
The analysis of two constitutively active TrpG

glutaminase mutant enzymes (T129Y and T129F) of
AS supports this notion, as the catalytic Cys-His
distance is reduced in thesemutants [39]. Interestingly,
the position of T129 corresponds to aT125 in PabA,
whose mutation to alanine also results in drastically
increased basal glutamine hydrolysis. Taken together,
the data obtained from the activated mutants of
HisH, TrpG, and PabA indicate that a reorientation
within the catalytic triad crucially contributes to
glutaminase stimulation.
To conclude, our data on the allosteric communi-

cation pathway within ADCS allow us to bundle
conclusions and hypotheses drawn from different
laboratories on various class I GATases. Instead of
attributing the allosteric activationmechanism of class
I GATases exclusively to either the formation of the
oxyanion hole or the reduction of distance between
catalytic residues, we hypothesize an activation
mechanism based on the combination of proper
positioning of the oxyanion hole and glutamine-
binding residues along with a distance reduction
between the catalytic Cys-His residues (Fig. 6).
Materials and Methods

Cloning and mutagenesis

The genes of ecPabA and ecPabB as cloned
into the pET21a expression plasmid were available
from a previous study [22]. Single amino acid mutant
enzymes (Table S11) were produced using a
modified QuickChange mutagenesis protocol [40]
with the primers listed in Table S8.

Gene expression and protein purification

Proteins were produced by gene expression in
E. coli BL21-Gold (DE3) cells as previously de-
scribed [22]. In brief, overnight cultures of individual
clones were used to inoculate 1 L (ecPabA variants)
or 2 L (ecPabB variants) of Luria broth medium
supplemented with 150 μg/mL ampicillin. Cells were
grown at 37 °C to an OD600 of 0.6 and then cooled to
25 °C. Expression was induced by adding 0.5 mM
IPTG and growth was continued overnight at 20 °C.
Cells were harvested by centrifugation (2700g,
4 °C), suspended in 50 mM Tris–HCl (pH 7.5),
300 mM potassium chloride, and 10 mM imidazole,
and lyzed by sonification. The insoluble fraction
was removed by centrifugation (23,000g, 4 °C),
and the soluble extracts were filtered through a
0.8-μm membrane.
Supernatants containing the C-terminal

hexahistidine-tagged proteins were loaded onto a
HisTrapFF crude column (5 mL, GE Healthcare),
which had been equilibrated with suspension buffer,
and eluted from the column by applying a linear
gradient of 10–750 mM imidazole. Enzyme-
containing fractions, as judged by SDS-PAGE,
were pooled and further purified by preparative gel
filtration [Superdex 75 HiLoad 26/60, 320 mL, GE
Healthcare, 50 mM Tris–HCl (pH 7.5), 50 mM KCl,
5 mM KCl, 2 mM DTT, 4 °C]. Elution fractions were
analyzed by SDS-PAGE, and the fractions contain-
ing pure protein were pooled. The enzymes were
finally concentrated to 50–150 μM and flash frozen
in liquid nitrogen. Protein concentrations were
determined by measuring the absorbance at
280 nm using the molar extinction coefficient calcu-
lated via ExPASy ProtParam (http://web.expasy.org/
protparam/).

Ancestral sequence reconstruction of PabA

Methods of our standard protocol for sequence
selection [41] were applied to a precompiled set of
2825 concatenated PabA and PabB sequences [22].
A subset promising a robust tree and consisting
of 59 concatenated sequences from Firmicutes,
Fusobacteria, Proteobacteria, and the archaeal phy-
lum Halobacteriales were chosen for ASR. A multiple
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Fig. 6. Endpoints of the allosteric communication
pathways in ADCS. The oxyanion hole (aP51–aG52–
aP53) is positioned by aY8, aD9, and aS10, where
the substrate-induced movement of the carboxylate
side chain of aD9 might lead to proper orientation o
the oxyanion hole through interaction with the
carbonyl group of aG52. Movement of bD308 toward
aS171 might lead to a reduction of the aC79–aH168
distance by changes in the relative orientation of the
aH168–aP169–aE170 loop. The substrate glutamine
(Gln, shown as thioester intermediate) interacts via its
α-amino group with the main chain carbonyl group o
bG207, whereas its α-carboxylate group forms a
hydrogen bond with the side chain of aQ83, which is
coordinated by aQ166.
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sequence alignment was generated by means of
MAFFT [42] and solely for the computation of a
phylogenetic tree that guides the subsequent recon-
struction, positions containing more than 50% gaps
were removed by using GBlocks [43]. The phyloge-
netic tree was computed with the help of pb (version
3.3 of PhyloBayes [44]) and the options -cat -gtr and
by launching four independent Monte Carlo Markov
Chains of length 50,000 to ensure convergence. The
quality of mixing was assessed by computing for each
pair of chains the discrepancy index (maxdiff, which
was b0.03 in all cases) by means of bpcomp and the
minimum effective size (which was N200 in all cases)
with tracecomp. As all results indicated the conver-
gence of the chains, a consensus tree was deter-
mined bymeans of readpb and a burn-in of 2000 (Fig.
S1). The phylogeny-aware multiple sequence aligner
PRANK [45] with the option -showanc was applied to
the full multiple sequence alignment and the consen-
sus tree to deduce the position of gaps in the
reconstructed sequences. Their amino acid composi-
tions were calculated with the program ancestral from
PhyloBayes using midpoint rooting and the PRANK
phylogeny. For the three bacterial predecessors
anc1PabA–anc3PabA, which were deduced from
the concatenations, the amino acid sequences are
listed in Table S10.

Crystallization, data collection, and structure
determination

Crystals of anc2PabA were obtained at 16 °C by the
hanging-drop vapor diffusion method with a 500-μL
reservoir consisting of 20% PEG 1500 and 40%
f

f

glycerol. One microliter of a 850-μM protein solution
was mixed with 1 μL of reservoir solution, and crystals
grewwithin 10 days. Data collectionwas done at Swiss
Light Source, Switzerland, at beamline PXIII and PXI at
cryogenic temperature. The data processing was done
using XDS [46,47], and the data quality assessment
was done using phenix.xtriage. Molecular replacement
was performed with Phaser [48] within the CCP4i [49]
suite using a homologymodel of anc2PabA (generated
with I-TASSER [50–52]) as template. Initial refinement
was performed using REFMAC [53]. The model was
further improved in several refinement rounds using
automated restrained refinement with the program
PHENIX [46] and interactive modeling with Coot [54].
The refinement statistics are listed in TableS6. The final
modelwasanalyzedusing theprogramMolProbity [55].

Analysis of complex formation between different
synthases and glutaminases

The ability of PabA and PabB variants to form
heteromeric complexes was examined by size exclu-
sion chromatography as previously described [22].
In brief, the experimental setup of SEC comprised
Superdex 75 10/300 GL column (GE Healthcare)
operated on an ÄKTAmicro system (GE Healthcare)
connected to an ALIAS autosampler (Spark Holland).
The system was operated at 25 °C with a flow rate
of 0.5 mL/min of degassed buffer [50 mM Tris–HCl
(pH 7.5), 150 mM KCl, 5 mM MgCl2] and was
calibrated with conalbumin, ovalbumin, carbonic
anhydrase, ribonuclease A, and aprotinin from the
GE Healthcare SEC Low-Molecular-Weight as well
as the SEC High-Molecular-Weight calibration kit.
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Individual synthases and glutaminases were assayed
at a concentration of 50 μM (applied volume 50 μL).
For analysis of complex formation, synthases and
glutaminases were equimolarly mixed to a final
concentration of 50 μM.

Steady-state enzyme kinetics

The glutaminase activity was measured spectropho-
tometrically in a coupled enzymatic assay aspreviously
described [22]. In brief, glutamate formed by the
glutaminase was converted to α-ketoglutarate by
glutamate-dehydrogenase with simultaneous reduc-
tion of NAD+ to NADH. A standard assay contained
50 mM Tricine–KOH buffer (pH 8.0), 5 mM MgCl2,
1 mM DTT, 10 mM NAD+, 1 mg/mL glutamate-dehy-
drogenase, and 20 mM glutamine. Following preincu-
bation, 1 μM glutaminase PabA was added, and the
reaction was monitored at 340 nm and 25 °C for
20 min. After making sure that the progress curve
proceeded with a constant slope, 3 μMsynthase PabB
or 3 μM synthase PabB +200 μM chorismate were
addedand the reactionwasagainmonitored for at least
10 min. The slopes of the linear parts of the progress
curves before and after the addition of the synthase/
synthase + chorismate were used to calculate the
apparent turnover rate upon the addition of the
synthase/synthase + chorismate. The ratio of the
apparent turnover rates in the presence and absence
of chorismatewas used to calculate allosteric activation
factors. Slopes were determined and calculations
performed within a custom Python script.
The PabB reaction was measured at 25 °C using an

assaymonitoringpara-aminobenzoic acid fluorescence
(excitation 320 nm, emission 350 nm) [22]. For this
purpose, the PabB product 4-amino-4-deoxychoris-
mate was converted in situ to para-aminobenzoic acid
by amolar excess of 4-amino-4-deoxychorismate lyase
(PabC). A standard glutamine-depending assay con-
tained 100 mM potassium phosphate buffer (pH 7.0),
5 mM MgCl2, 1 mM DTT, 10 μM PabC, 200 μM CH,
and 1.5 μM PabB and 0.5 μM PabA. After preincuba-
tion, 0–10 mM glutamine was added. For each
individual substrate concentration, progress curves
were collected and fitted to the Michaelis–Menten
equation in a custom Python script to derive kcat
and KM

Gln.

Thermal stability of purified proteins

Melting temperatures of purified proteins were
determined with nano-differential scanning fluorime-
try in a Prometheus NT.48 (NanoTemper, Munich)
at the facilities of 2bind molecular interactions in
Regensburg. Typically, 10 μL of a 100-μM protein
solution was loaded into glass capillaries, and intrinsic
tryptophan fluorescence emission intensities F330 nm
and F350 nm were measured from 20 to 95 °C. The
maxima of first derivatives of F330 nm/F350 nm were
used to derive the melting temperature TM at which
half of the protein is denatured.

Accession numbers

ecPabA_WT—NCBI Reference Sequence:
WP_115194528.
ecPabB_W—NCBI Reference Sequence:

WP_000854958.
anc2PabA—PDB ID: 6QUR
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